To establish a useful and convenient bioassay for evaluating immunotoxicological effects of environmental chemicals, lymphocyte mitogenesis tests of about 255 chemicals and environmental water were performed. We determined the growth-inhibitory effect of the environmental chemicals on the mouse splenic lymphocyte mitogenesis using lipopolysaccharide and concanavalin A as the specific mitogen for B cells and T cells, and evaluated toxicity on humoral immunity and cell-mediated immunity, respectively. The DNA content of grown cells was determined by the novel ethidium bromide-fluorophotometry method, with 96-well microplates. Of the 255 chemicals tested, 173 chemicals showed inhibitory effects on the mitogenesis. The data were classified into four typical inhibition patterns from the dose-response curves. The chemicals were categorized into six groups in the respect of inhibition selectivity between B cell mitogenesis and T cell mitogenesis. Some chemicals, such as metallic compounds, showed nonspecific effects for B cell and T cell-mitogenesis, which was attributed to the cytotoxicity. The previous reports relating to immunotoxicity found about 123 chemicals; 78 chemicals (63.4%) were positive and one chemical (0.8%) was negative for both experimental results and reported results. In total, the concordance between experimental results and reported results is 64.2%. In the application of river water concentrates for the lymphocyte mitogenesis test, some of the samples inhibited both B cell and T cell mitogenesis at the tested volume of 7.2 ml. These results indicated that the lymphocyte mitogenesis test is applicable in estimating immunotoxicity of pollutants in environmental water as well as authentic environmental chemicals.
INTRODUCTION
An increasing number of chemicals have been manufactured every year and continue to be released in the environment. The Environment Agency Government of Japan reported that about 50 thousand chemicals were produced industrially in 1998, 1) and 307 of 775 monitoring chemicals were distributed in the environment during 1974-1998.
2) Among them, many chemicals have been shown to be immunologically toxic. [3] [4] [5] [6] [7] Many bioassays for evaluating immunotoxicity have been performed. [8] [9] [10] [11] [12] However, no report on application of the lymphocyte mitogenesis method to evaluate immunotoxicity of environmental chemicals is recognized.
The lymphocyte mitogenesis test is one of the representative in vitro tests for immunotoxicity used in the safety evaluation of drugs. [13] [14] [15] [16] In this test, lymphocytes are stimulated by a polyclonal mitogen specific for either B cells or T cells as an indication of humoral immunity or cell-mediated immunity, respectively, and the effect of drugs on the lymphocyte proliferation is evaluated. 14, 15, 17) When lymphocytes are stimulated by a mitogen, the following reactions occur on the lymphocytes: capping of the receptors or immunoglobulins on the surface of lymphocytes, increase of intracellular calcium concentration, activation of intracellular signaling pathways, phosphorylation and activation of each enzyme, synthesis of RNA and proteins, replication of DNA, and finally mitosis of lymphocytes. 13) If lymphocytes have been exposed to an environmental chemical during the period of the mitogen- No. 3 esis, any inhibition in the sequential reactions can be detected as depression of lymphocyte proliferation. Therefore, the lymphocyte mitogenesis test may be useful for assessing immunotoxicity of environmental chemicals.
To assay the lymphocyte growth, [
3 H]thymidine incorporation method or 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; triazolyl blue (MTT) assay is widely used. However, the number of grown cells does not always correlate proportionally with [ 3 H]thymidine incorporation, 18, 19) and it is too hazardous and troublesome to handle such a radioisotope in bioassays. The measurement of respiratory enzyme activity in mitochondria by MTT is also often modulated by mitogens. Therefore, we tried to evaluate all cell growth by determination of DNA content using the ethidium bromide method. 20) In this method, cells were cultured in 24-well microplates, and after the cultivation, cells were transferred into test tubes to determine cell growth. We improved and modified this method with 96-well microplates throughout the experiment to assay many samples efficiently.
We also evaluated immunotoxicity of the 255 environmental chemicals and environmental water with the lymphocyte mitogenesis test.
MATERIALS AND METHODS
Chemicals and Animals ---Lipopolysaccharide, concanavalin A and ethidium bromide were purchased from Sigma Chemical Co. (St. Louis, Missouri, U.S.A). RPMI-1640 medium was obtained from Nissui Pharmaceuticals Co. (Tokyo, Japan). Sodium dodecyl sulfate (SDS) was purchased from Wako Pure Chemical Industries (Osaka, Japan). All other reagents were of the highest commercially available grade. Male C3H/He mice and BALB/c mice, 5 weeks old, were purchased from Japan SLC Co. (Sizuoka, Japan). The animals were kept in a room maintained at 23 ± 1°C with 47-67% relative humidity for 1 week. Samples Tested ---The 255 chemicals are selected with high priority with respect to possible pollution to the environment, production scale, usage frequency, possible biological effects and exposure level in the environment. These chemicals include 68 pesticides, 17 metal compounds, 41 polycyclic aromatics, 201 mutagens, 160 carcinogens, and 39 endocrine disrupters.
The 255 chemicals listed in Table 1 were dissolved in dimethylsulfoxide (DMSO) or distilled water at the concentration of 0.1-200 mmol/l on the basis of the solubility to the solvent.
To concentrate the water sample, water samples (20 l) from 8 sampling points in Biwa Lake and Yodo River were applied to XAD-2 resin column, and eluted by 500 ml of ethyl acetate. After evaporation to dryness, the residues were dissolved in 2 ml of DMSO. 21) These samples were finally concentrated to 10000 times. All samples were sterilized by filtration and stored at -20°C.
Preparation of Splenic Cells ---Spleen was isolated from C3H/He mouse for the B cell test 22) or BALB/c mouse for the T cell test, and the splenic cells were prepared by the flushing method, injecting 10 ml of RPMI-1640 medium with a syringe into the spleen. The suspended cells were left for 2-3 min on ice to precipitate and be removed of the connective tissue, and thereafter washed twice with the medium and counted with hematocytometer. The cells were dispensed into 96-well microplates at 10 5 cells/well in 200 µl of RPMI-1640 medium containing 5 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 50 µM 2-mercaptoethanol, 100 IU/ml penicillin, 50 µg/ml streptomycin, 0.18% NaHCO 3 and 10% fetal calf serum. Exposure to Mitogens and the Chemicals ---As the mitogen, 100 µg/ml lipopolysaccharide (LPS) or 2 µg/ml concanavalin A (Con A) was added for B cell mitogenesis or T cell mitogenesis, respectively. The chemicals were prepared by serial dilution and further diluted into 3% by the medium. Twenty-microliters of each prepared chemical solution was applied to the cells and the total volume in each well was 200 µl. The final concentration of DMSO was limited up to 0.3%, in which DMSO exerts less suppression of lymphocyte mitogenesis. The plates were incubated at 37°C in 5% CO 2 for 4 days. DNA Determination by Ethidium Bromide Fluorescence Method ---After 4-days culture, the total DNA amount in grown cells was determined by the ethidium bromide fluorescence method. 20) The plate was centrifuged at 4°C, 500 × g for 10 min and the supernatants were removed. The cells were washed once with 200 µl of PBS, 200 µl of 0.1% SDS was added and left for 30 min to lyse the cells. Then 100 µl of 50 µg/ml ethidium bromide was added to each well, left for 15 min and DNAethidium bromide complex was determined fluorometrically at Em 620 nm and Ex 515 nm as indication of cell number. Mitogenesis rate is calcu-lated as below.
Mitogenesis (%) = (E -E′) / (E 0 -E 0 ′) × 100 E: DNA content of the cells exposed to both the sample and the mitogen E′: DNA content of the cells exposed to the sample only E 0 : DNA content of the cells exposed to the mitogen only E 0 ′: DNA content of the control cells A cell-growth-curve was obtained by plotting mitogenesis (%) against the sample concentration and subsequently 50% cell growth inhibition-showing concentration (IC 50 ) values for B cells and that for T cells were estimated from the curve to evaluate the potential effect of environmental chemicals on humoral immunity and/or cell-mediated immunity. Correlation between Reported Data and Experimental Data ---Available literatures were retrieved from MEDLINE database (National Library of Medicine, U.S.A.) 23) using the words "lymphocyte mitogenesis" or "mitogen*" and each chemical name as keywords. The asterisk at the end of a term were used to find all terms that begin with "mitogen" such as mitogens or mitogenic. We retrieved articles describing general immunotoxicity, including lymphocyte mitogenesis, by adding two more keywords "allergy" and "immunotoxic*". The asterisk at the end of a term was used to find all terms that begin with "immunotoxic", such as immunotoxicity or immunotoxicology. Homology between reported data and experimental data was estimated for both experimental results and published results.
RESULTS AND DISCUSSION

Evaluation of Ethidium Bromide Fluorescence Method
To establish a simple and rapid method for immunotoxicological evaluation of many environmental samples, we first investigated applicability of the ethidium bromide fluorescence method (data not shown). The data showed good correlation between the amount of calf thymus DNA and the fluorescence intensity of DNA-ethidium bromide complex. The correlation coefficient between the number of splenic cells and the fluorescence intensity was more than 0.99. It was confirmed that this ethidium bromide fluorescence method is available for estimating cell numbers in this lymphocyte mitogenesis test.
Dose Dependency of Cell Growth Inhibition by Chemicals
The preliminary mitogenesis of environmental chemicals was performed for judgement of the results. The data were classified into four typical inhibition patterns from the cell growth inhibition curves (Fig. 1) . In pattern A, the chemicals showed no inhibition within the concentration range assayed. In pattern B, the chemicals showed weak inhibition up to the maximum 50%. In pattern C, the inhibition depended on the sample concentration. In pattern D, the inhibition occurred suddenly at certain concentrations, probably by toxicity. The chemicals that showed pattern A were judged as negative, and the pattern B, C and D were judged as positive. The IC 50 value for each chemical was obtained when the cell growth inhibition curve showed either pattern C or D.
Specificity for Effect of Test Chemicals on Lymphocyte Mitogenesis
The results of the 255 chemicals were shown in Table 1 . Of the 255 tested chemicals, 173 chemicals (about 70%) were positive. The plot of IC 50 values for B cell versus T cell mitogenesis ( Fig. 2) was shown with the chemicals categorized into six groups, as follows: (I) chemicals affected only B cell mitogenesis, (II) chemicals causing stronger effect toward B cells, (III) chemicals affecting B cell and T cell mitogenesis at a similar extent, (IV) chemicals causing stronger effect toward T cells, (V) chemicals affecting only T cell mitogenesis, (VI) chemicals whose IC 50 values were not obtained for B cell nor T cell mitogenesis (pattern B in Fig. 1 ). In 173 positive chemicals, many chemicals were distributed to I, III and VI, suggesting that the chemicals which affect lymphocyte mitogenesis tend to have specific inhibition for humoral immunity or nonspecific inhibition for both humoral and cellmediated immunity. The chemicals that showed sudden inhibition at certain concentrations (pattern D in Fig. 1 ) were mainly distributed in group III. From this overlapping between pattern D chemicals and group III chemicals, it is thought that nonspecific effects for B cell and T cell mitogenesis is attributed to the cytotoxicity.
Features in Each Category
The chemicals tested were categorized on the basis of the physicochemical properties, chemical structure, usage and toxicity. Physicochemical properties, such as molecular weight, melting point, boiling point and octanol/water distribution coefficient, did not show any significant correlation to lymphocyte mitogenesis. Any evidence was not seen in each usage and/or toxicity category, such as agricultural chemicals, mutagens, carcinogens and endocrine disrupters. Agricultural chemicals were further classified on the basis of the groups of organophosphorus agent, organochlorine, carbamate and others, or usage such as insecticides, herbicides, fumigants and others, but no evidence was observed. It is thought that these categories do not have any common characteristics regarding the effect on lymphocyte.
The classification based on the chemical structure did not suggest any evidence. But metallic compounds showed an interesting correlation in this study. Of 19 metallic compounds, 13 compounds were positive and most of those positive compounds inhibited both B cell and T cell mitogenesis at the same extent (group III and VI). Moreover, the cell growth inhibition curve of those metallic compounds indicated pattern D. These pattern D and group III chemicals are thought to show cytotoxicity as described above. It is well known that arsenite inhibits citrate cycle, and it is reported that tributyl tin and triphenyl tin inhibit microtubule assembly in V79 Chinese hamster cells and in vitro assembly of bovine brain tubulin. 24) These results suggest that these 13 metallic compounds have nonspecific effects on lymphocytes attributed to the cytotoxicity. Some of these metallic compounds have been reported to have an immunotoxic effect. [25] [26] [27] This gives confidence to the immunotoxicological evaluation in this lymphocyte mitogenesis test.
Correlation between Acute Toxicity and Lymphocyte Mitogenesis Inhibition
As some compounds that inhibited lymphocyte mitogenesis at certain concentrations (pattern D in Fig. 1 ) were suspected to exert toxicity, we estimated the correlation between the IC 50 value for lymphocyte mitogenesis and acute toxicity as LD 50 values for mice by i.p. administration retrieved from RTECS (Registry of Toxic Effects of Chemical Substances) database of NIOSH (National Institute for Occupational Safety and Health, U.S.A.). The correlation coefficient between acute toxicity and B cell and T cell mitogenesis inhibition was 0.151 and 0.127, re- spectively. Significant correlation was not observed. Therefore, it suggests that although some inhibitions seem to be due to cytotoxicity, the toxic responses on lymphocyte mitogenesis tests differ from results of conventional animal acute toxicity assay. It is thought that some compounds are not lethal but have immunotoxicological effects, and other compounds are lethal but exert little toxicity on the immune system.
Correlation between Reported Data and Experimental Data
Published Data about Lymphocyte Mitogenesis: To give confidence to the immunotoxicological evaluation in this assay, our experimental results about the lymphocyte mitogenesis were compared with the published data (Fig. 3A) . Of 255 samples, we found 47 chemicals reported regarding the effects on the lymphocyte mitogenesis. Thirty chemicals (63.8%) were positive in both our experimental results and reported results, and 3 chemicals (6.4%) were negative in both results. Totally, the concordance between experimental results and reported results is 70.2%.
Some compounds showed different results between published data and experimental data. In our experiment, 10 chemicals did not inhibit lymphocyte mitogenesis but they were reported to be posi- tive. These differences are due to animal strain, mitogen, experimental condition such as in vivo or in vitro, or culture condition. In our experiment a C3H/ He male mouse and a BALB/c male mouse were used, splenic cells were stimulated by LPS or Con A, and incubated in vitro, while in the reported data, ethyl carbamate was administered to a C57BL/6J female mouse in vivo 28) and N,N-dimethylformamide was added to human peripheral lymphocyte stimulated by phytohemagglutinin. 29) We could not discuss inhibition patterns, IC 50 values and specificity for B cell and T cell because the results are described in a different manner in each article. The doses of in vivo administration could not be compared with the concentrations of in vitro exposure. Other mitogens, such as phytohemagglutinin, have different specificity on stimulating B cells and T cells. Therefore, a standardized assay method and uniform indication should be used for assessment of immunological toxicity of environmental chemicals.
In spite of the difference in experimental conditions, there is still the high (70.2%) concordance between experimental data and published data. Our method was confirmed to be effective in evaluating the inhibition of lymphocyte mitogenesis.
Published Data about Immunological Effect: We compared our experimental results about the lymphocyte mitogenesis with the published data about the general immunotoxicity, including lymphocyte mitogenesis (Fig. 3B) . The reports relating to (A) Available literatures were retrieved from MEDLINE database (National Library of Medicine, U.S.A) using the words "lymphocyte mitogenesis" or "mitogen*" and each chemical name as a keyword for lymphocyte mitogenesis. The asterisk at the end of a term was used to find all terms that begin with "mitogen". The hatched cells in the diagram show the concordance between experimental results and published results. (B) We retrieved articles describing general immunotoxicity, including lymphocyte mitogenesis, by adding two more keywords "allergy" and "immunotoxic*" from MEDLINE database. The asterisk at the end of a term was used to find all terms that begin with "immunotoxic". The hatched cells in the diagram show the concordance between experimental results and published results. immunotoxicity found about 123 chemicals; 78 chemicals (63.4%) were positive for both experimental results and reported results, and one chemical (0.8%) was negative for both experimental results and reported results. Totally, the concordance between experimental results and reported results is 64.2%. The experimental data have a high homology with the reported data, including allergy and other immunotoxicity. In our experiment, 36 chemicals did not inhibit lymphocyte mitogenesis in spite of positive results reported in the database. Some of the chemicals may accelerate allergy and suppress macrophage or neutrophils but not lymphocyte. We could not discuss inhibition patterns, IC 50 values and specificity for B cells and T cells as mentioned above.
These results, therefore, indicate that the results of the lymphocyte mitogenesis test represent broad immunotoxicological effects. The lymphocyte mitogenesis test is a useful bioassay, and available in primary immunotoxicological evaluation for environmental chemicals.
Application to Environmental Water Samples
To confirm the efficacy of the test for complex pollution of multiple chemicals, including unknown substrates, 30) we applied environmental water to the lymphocyte mitogenesis test. Since pollutants in environmental water are diluted, we evaluated the sensitivity of this assay for environmental water. River water was concentrated by the XAD-2 resin method to 1000 fold and tested by the lymphocyte mitogenesis test. The water samples inhibited both B cell and T cell mitogenesis (Fig. 4) . These results, therefore, suggest that the lymphocyte mitogenesis test is applicable in estimating immunotoxicity of environmental water using the 1000-fold concentrates.
